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ABSTRACT

Synchrotron microspectroscopy has been used to study the inorganic-organic interactions in the
mid-infrared region (4000-400 cm™) as Arthrobacter oxydans attach themselves to magnetite surfaces.
Relative band intensities and band intensity ratios for functional groups of organically-derived biological
molecules that are inherent to the experimental system are discussed. The molecular components as they
are perturbed by interactions with water, dichromate and chromate metal ions on the mineral surfaces are
investigated. Mapping of the spectral markers for the inorganic-organic interactions at the biological-
mineral interfaces is presented and discussed. Comparative analyses of the synchrotron infrared
microspectra suggest that the bacterial-chromium interactions depend on the solubility and toxicity of the
chromium compounds.

INTRODUCTION

Pollution of subsurface geologic zones by heavy metals and the possibility of using intrinsic
endolithic (rock/mineral-inhabiting) bacteria to either detoxify or immobilize the pollutants have
stimulated new interests in the exploration of the bacterial responses to metal ions in geologic
environments [1-2]. It is widely believed that the inorganic-organic interactions at the biological-mineral
interfaces, which mostly arise from bacterial defense mechanisms, can change the effectiveness of
bacteria to remediate metal ions in the immediate vicinity [3]. In the case of chromium, it is generally
accepted that the enzymatic reduction of hexavalent chromium Cr(VI) (chromate) is one defense
mechanism employed by bacteria living in the chromate-contaminated environment [4]. Most of the
previous studies on the interactions between bacteria and metal ions were conducted by means of batch or
column experiments [4-5], which can only globally address the questions of whether or not the bacteria
are interacting with the metal ions. To evaluate if the mechanisms of the interaction exist at the
biological-mineral interfaces, one needs to examine and monitor, nondestructively, the structural changes
of molecules as the reactions take place in situ.

In this study we present the use of synchrotron-infrared absorption-reflectance microspectroscopy
as a chemical/biological microprobe to study — i# situ and nondestructively — the responses of bacteria
to Cr(VI) at the biological-mineral interfaces. Specifically, we investigated if the synchrotron microprobe
could successfully (1) monitor the inorganic-organic interactions and (2) illustrate the highty localized
differences in the progress of the interactions and the structural details of clusters of living-bacteria in
minerals that inherently have low infrared reflective surfaces. Arthrobacter oxydans and magnetite, the
bacteria and mineral used in this study, are representative of those commonly encountered in the
subsurface [6,7]. Results from the synchrotron infrared microspectroscopy analysis provide new insights
into factors that control bacterial defense mechanisms and further our understanding of the bacteria’s
capability to remediate metal contaminants in geologic environments.

EXPERIMENTAL
Chemicals

All chemicals were purchased from Aldrich (USA). They were of A.C.S. reagent grades with a
purity of at least 99%. Cr(VI) in this study was derived from two different chromium compounds:
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potassium chromate and dichromate (from Aldrich, USA). Their aqueous solutions were prepared at pH
7.4 (physiologic pH) in phosphate buffer solutions. Potassium chromate and dichromate were selected as
our model compounds to represent a high solubility/toxicity and a low solubility/toxicity chromate
compound at the physiologic pH. Toluene vapor was used as a carbon source for the bacteria when
needed.

Bacteria and Minerals

A. oxydans were isolated from rock cores collected from a subsurface rock vadose zone at a
depth of 66-70 m at a site within the extensive Columbia basalt flow in southeastern Idaho as previously
described [8]. 4. oxydans were maintained in a filter-sterile liquid growth medium that consisted of 40%
of basalt extract solution and 60% of distilled and deionized water. The basalt extract solution was
prepared by mixing vigorously and heating (without boiling) for one-hour 500 g of basalt grains in 1 liter
of distilled, deionized water. The liquid was strained through a double-layer cheesecloth and filter
sterilized with 0.2 um cellulose acetate/cellulose nitrate mixed esters (CA/CN) filters.

Magnetite mineral samples were obtained commercially from Minerals Unlimited (Ridgecrest,
CA). Thin magnetite specimens were prepared by cleaving fragments off the micro-fissiles. The specimen
surfaces were cleaned by sonification in deionized and organic-free water for fifteen minutes and
sterilized by UV-irradiation for twenty minutes.

Inorganic-Organic Interaction Experiments

To generate the experimental conditions for studying the inorganic-organic interactions at the
bacterial-mineral interfaces, 4. oxydans were introduced onto the magnetite surfaces. This procedure
involved first capturing the bacteria from the growth liquid medium onto the 0.2 pm CA/CN filters and
printing onto the magnetite surfaces using a technique similar to the agar printing-off procedure described
in [9]. Five hours after the bacterial attachment to the magnetite surfaces, they were exposed to 10 ppm of
either chromate or dichromate solutions. The temporal variation and the spatial distribution of the
inorganic-organic interactions on the biological-mineral surfaces were measured spectroscopically with
the infrared microprobe at the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratoq.
For each measurement at a given location, 128 spectra were co-added at a spectral resolution of 4 cm .
All infrared spectral characteristics were interpreted according to well-documented spectral research
literature {12-15}.

Instrumentation

The progress and the spatial distribution of chromium-bacteria interactions at the biological-
magnetite interface was monitored using the infrared microspectroscopy Beamline 1.4.3 at the Advanced
Light Source (ALS), Lawrence Berkeley National Laboratory as previously described [10,11}. The
infrared microprobe uses a synchrotron source that has much higher brightness than a conventional
thermal IR source. The synchrotron light is input into a Nicolet Magna 760 FTIR bench, then passed
through a Nic-Plan IR microscope. As detailed elsewhere [10], the experimental spot size of the
unmasked synchrotron beam focused through an infrared microscope is 10 microns, 2 100 fold smaller
than is possible with an internal thermal source. This experimental procedure is non-destructive to the
biological materials being studied.

RESULTS AND DISCUSSION
Dichromate-Bacteria Interactions

In the first study 4. oxydans was exposed to a 10 ppm dichromate (Cr,07)" solution. The
dichromate-bacteria interactions on the magnetite surfaces were monitored for two days. Figure 1 shows



the synchrotron FTIR absorption microspectra in the region 1750-650 cm™ for the living 4. oxydans cells
before their exposure to the 10-ppm (Cr,07)~ solution. The global infrared spectral features for the living
cells prior to the bacterial exposure to (Cr,0;)” are consistent with those reported in the literature [12].
All absorption bands are related to the vibrations of the functional groups of the biomolecules of bacteria
cell walls. The prominent absorption envelopes in the 1695-1620 cm and 1515-1570 cm™ regions arise
from the C=0 amide vibrations of the peptide linkage in the bacteria protein Amide I and II systems. The
absorption band between 1250 and 1200 cm™ arises from the P=0 double-bond asymmetric stretching
mode of phosphodiester, free phosphate, and monoester phosphate functional groups of the
polysaccharide backbone structures. The complex sequence of peaks in the 1200-900 cm™ region are
essentially due to C-O-C and C-O-P stretching vibrations of mostly oligo- and polysaccharidic
components.

Two additional absorption peaks at 906 and 884 cm™ were detected after the (Cr,07)” solution
was introduced into the biological-mineral system. The vibrational frequencies of these peaks are the
same as those reported for (Cr;0;)” in the literature [13], this confirms the presence of (Cr;07)” in our
system. The shifting of the 1640 cm™ band to a higher frequency of 1650 cm™ after the bacterial exposure
to (Cr,07)” implies that the bacterial protein Amide I structure increased its “randomness” or became
more disordered. The width of the Amide I vibration band, which is proportional to the amount of water
bound to the atbumin molecules [12], remained constant and did not accompany the structural change of
the bacterial protein. The occurrence of a prominent new peak at 935 cm™ shortly after the exposure to
(Cr;0;) is probably due to the coupling of C-O-Cr and ring C-O-C [14]. The shifting of the 935 cm’
band to 950 cm™ with time in a biological system has not been reported in the literature. We speculate
that it is possibly due to the weakening in the strength of hydrogen bonding in the presence of (Cr,07)".
This needs to be investigated. The increase in its relative absorption intensity with time implies the
presence of the (Cr04) stimulated the production of polysaccharide. Similar phenomena have been
reported for other metal ions in the literature {14].

Chromate-Bacteria Interactions

This study was carried out by exposing 4. oxydans to a 10 ppm chromate (CrO4)” solution. The
chromate-bacteria interactions on the magnetite surfaces were also monitored for two days. Figure 2(a,b)
shows the synchrotron FTIR absorption microspectra in the region 1750-650 cm’ for the living A.
oxydans cells before their exposure to the 10-ppm (CrQ.)” solution. Their global infrared spectral
features prior to the exposure in this experiment again are consistent with those reported in the literature
[12].

An additional absorption peak at 846 cm™ (Figures 2b) was detected after the (CrO,)” solution
was introduced into the biological-mineral system. The vibrational frequency 846 cm™ has been assigned
to (Cr0.)” in the literature [13], thus confirming the presence of chromate (CrO,4) in the biological-
mineral system. After contact with A. oxydans cells, the (CrO,)” peak shifted to a lower frequency with
time (Figure 2b), which arose from a decrease in the oxidation state of the chromium [15}, in the presence
of the bacteria.

The spectral characteristics in Figure 2a illustrate that the biomolecules of A. oxydans interacted
with (CrO,)" differently. In addition to a shift of the Amide I vibrational band from 1640 cm to a higher
frequency, a narrowing of the bandwidth of the Amide I vibration band was also detected. This implies
that the interaction between (CrQ4)” and biomolecules could decrease the amount of water bound to the
albumin molecules and resulted in an increase in the secondary protein structure to unordered structure.
The appearance of multiplets in the Amide I and Amide II absorption envelopes was probably caused by
the degradation and denaturing of the proteins, most likely caused by the decrease in water in the cells.
The progressive decrease in the relative intensity of absorption bands for functional groups of other
biomolecules in region below 1460 cm’ was associated with the observed microscopic change of A.
oxydans cells from the initial rods to their stressed form cystites after their exposure to (CrOs4)".
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Fig. 1. Synchrotron FTIR
absorption microspectra in the
region 1750-650 cm”’ for the
living 4. oxydans cells before
and after their exposure to the
10-ppm (Cr,05)" solution.
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Fig. 2. Synchrotron FTIR absorption microspectra in the region (2) 1750-1000 cm (b) 1000-650 cm”
for the living 4. oxydans cells before and after their exposure to the 10-ppm (CrO.)” solution.
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Mappings of Chromate-Bacteria Interactions on Magnetite
This study was carried out by first exposing the magnetite surfaces to a 80-ppm toluene vapor for

five hours prior to the introduction of 4. oxydans. This additional experimental step was to provide 4.
oxydans, a toluene degrader [16], a carbon source so that the experiment could last for a longer period of
time. Figure 3 shows a representative synchrotron FTIR absorption microspectrum in the region 1750-
650 cm™ for the surface of our biological-mineral system after exposure to a 10-ppm chromate solution in
the presence of toluene as a carbon source.

The spatial variation of chromate-bacteria interactions on the magnetite surfaces were monitored
five days after the initial exposure to the 80-ppm toluene vapor and a subsequent exposure to a 10-ppm
chromate solution. Figure 4 shows the 3-D maps of the spatial distribution of the vibrational modes
associated with A. oxydans (1665 cm™), chromate (CrOs)” (846 cm™), and the toluene (728 ¢cm™) on a
magnetite surface. We observed that at the location of the A. oxydans (peak in the leftimost plot) there is a
significant decrease in the amount of both chromate and toluene (right two plots).
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Figure 3. A synchrotron FTIR absorption microspectrum in the region 1750-650 cm™ for the
surface of our biological-mineral system after exposure to a 10-ppm chromate
solution in the presence of toluene vapor.
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Figure 4. 3-D maps of the spatial distribution of the vibrational modes associated with

Arihrobacter 0. (1665 cm™), chromate (CrQ,)” (846 cm™), and the toluene (728 cm’')
on a magnetite surface.

CONCLUSIONS

The above results demonstrate that the synchrotron microprobe could nondestructively monitor
the in sifu inorganic-organic interactions at the biological-mineral interfaces. It also illustrates the highly
localized differences in the progress of the interactions and the structural details of clusters of hving-
bacteria in minerals. Comparative analyses of the synchrotron infrared microspectra suggest that the
mode of bacterial transformation of the hexavalent chromium Cr(VI) depends on the solubility and
toxicity of the chromium compounds.
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